ABSTRACT -This study aimed to evaluate the physiological quality of seeds of three hybrid combinations and their reciprocals, as well as the selfed parents, and to estimate genetic parameters associated with seed quality, and possible reciprocal effects. The experiment used F 1 hybrid papaya seeds and their reciprocal crosses between JS12 and Sunrise Solo 72/12, Sekati and Waimanalo, and the seeds of the parents and two varieties, totaling 12 treatments in a completely randomized design with four replications. Weight of 1,000 seeds, germination, seedling fresh weight and seedling dry weight, first count, speed of germination and seedling emergence were determined. There was no xenia effect for weight of 1,000 seeds and seedling fresh weight. The reciprocal effect was not expressed for germination and seedling emergence, while for the other traits, it was not expressed only for JS12 x Sekati. Differences among hybrids and their parents occurred as a result of the action of pollen in the crosses, and justified by early heterosis. The most sensitive vigor tests to discriminate differences in performance of hybrids and their reciprocals were speed of germination and seedling fresh weight. There were high magnitudes of the estimates for the genotypic determination coefficient for most of the evaluated variables, except for seedling fresh weight.
Introduction
Brazil is the world's largest producer of papaya, with an annual production of 1,792,594 t in 2009, a decrease of 5.2% compared to the 2008 harvest. The harvested area totaled 34,213 ha, and the average harvested yield was 52,396 kg.ha -1 (IBGE, 2011) . In the state of Espírito Santo, the seeds from the group Solo used in commercial crops of papaya come mostly from farmers' own cultivation while those of group Formosa are imported at high costs (Lopes et al., 2008) . However, the dependence on imported seeds can now be reduced as a result of the release of hybrid UENF/Caliman 01. This was one of nine hybrids whose production was based on the study by Marin et al. (2006) , who used partial diallel crosses to determine combining abilities and identify promising hybrid combinations.
Seeds are one of the most important resources for plant breeding; they are also the traditional propagation medium to establish commercial papaya plantations in Brazil, although this culture can also be propagated by vegetative methods. According to Berbert et al. (2008) , papaya seeds behave more similarly to orthodox seeds, whose viability is extended by simultaneously reducing water content and temperature during storage. This behavior has advantageous implications for preserving germplasms for extended periods of time.
One way for seed producers to optimize controlled pollination is to implement reciprocal crosses whereby a genotype is used sometimes as a female, sometimes as a male, if such crosses result in F1 hybrid seeds and reciprocal seeds with similar performance for physiological seed quality. Because this performance is heavily dependent on the genetic nature of the seeds so that vigorous seedlings can be produced, the present study, which focuses on the physiological quality of papaya seeds derived from crosses and their reciprocals, can provide a significant contribution.
High values of coefficients of genetic variation among genotypes (CVg) -for some traits associated with physiological quality of papaya seeds -were found in another study, suggesting that there may be significant gains in selecting seed quality (Cardoso et al., 2009) . Furthermore, estimates of heritability also showed selection to be an advantage.
The aim of this study was to evaluate the physiological quality of seeds of three elite hybrids, their reciprocals and the selfed parents, as well as estimate genetic parameters associated with seed quality and possible reciprocal effects among the papaya hybrids studied.
Material and Methods
This study started at the experimental area of farm Santa Teresa, owned by company Caliman Agrícola S/A, located in Linhares, in the state of Espírito Santo. Then, it continued in the Plant Science Laboratory of the Center for Agricultural Science and Technology of the Universidade Estadual do Norte Fluminense 'Darcy Ribeiro' (CCTA / UENF).
Four parents of papaya plants were used. They were chosen based on their genetic values and combining ability; two genotypes belong to group 'Solo' and two to 'Formosa', as described in Table 1 . Farm Santa Teresinha was the location of the AGB where the parental crosses were performed under controlled conditions. To obtain hybrid seeds, crosses were performed by means of hand pollination. Hermaphrodite flowers were collected at pre-anthesis; they contained pollen grains which were transferred to the stigma of flowers of female plants by means of the direct contact between these reproductive organs; the female flowers were then protected with paper bags and tagged. The seeds of the parents were produced by means of self-pollination, with the target flowers of hermaphrodite plants being protected. This procedure resulted in 12 treatments (T1 to T12), shown in Table 2 .
About seven to eight days after pollination, the protective bags were removed to check whether or not the crosses had been successful. The viable fruits were harvested about five months after pollination, at maturity stage 1 (1/4 of ripe fruit), weighed and left between 7 and 10 days at room temperature, according to Aroucha et al. (2005) and Martins et al. (2006) . It is considered that, during this period, the immature seeds complete their full development, reaching maximum germination and vigor.
After the fruits had been left to rest, the seeds were extracted, processed manually in a metal sieve under running water to favor complete removal of the seed coat. Later, they were shade-dried on raised mesh tables until they reached 7-8% moisture. The evaluation of physical and physiological traits used papaya seeds resulting from the combinations of crosses, self-pollination of the parental lines and control cultivars, shown in Table 2 , stored for a year, totaling 12 treatments arranged in a completely randomized design with four replications, where the following were evaluated: to the method prescribed for the germination test; seedlings were evaluated daily from the day when the first root protrusion occurred. Speed of germination was calculated using the expression proposed by Edmond and Drapala (1958) .
f) Fresh weight and dry weight: at the end of the germination test (28th day after sowing), the normal seedlings were placed in paper bags and taken to an air circulation drying oven at 70 °C to constant weight. The weight measurements were performed before and after drying to calculate the average fresh weight and average dry weight expressed in mg.seedling -1 . g) Seedling emergence in greenhouse: this test was conducted in four replications of 50 seeds treated with Captan (Orthocide®) at a dose of 5 g.kg -1 seed. They were seeded in tubes containing substrate Basaplant ® with added Basacot® in the proportion of 20 g.kg -1 of substrate, and the trays with plastic tubes were kept in a greenhouse with controlled sprinkler irrigation. The evaluation was made at 28 days after sowing, and the result was expressed as a percentage of emerged seedlings. For the fungicide treatment, the seeds were placed in 23 x 40 plastic bags containing Captan and were then shaken until the product was distributed evenly.
The experiment used a completely randomized design with four replications. Data were subjected to analysis of variance, and means were compared by Tukey's test at 5% probability. The analyses of variance yielded the estimates of variance, broad sense heritability and other genetic parameters by using the software GENES (Cruz, 2006) .
Results and Discussion
The results for water content and weight of 1,000 seeds are summarized in Table 3 . This material was homogeneous as regards the water content of the seeds, which ranged from 6.77 to 8.33. According to Meireles et al. (2007) , the reduction of the water content of papaya seeds to levels around 6% gave the best results for germination and vigor. However, the methodology used for drying seeds in this study was efficient to achieve levels of water content close to what is considered ideal for studying the quality of papaya seeds. Table 3 shows a clear separation between genotypes: seed size for those with greater weight of 1,000 seeds (WTS) is typical of group Formosa, whose seeds are larger, while seeds with smaller WTS typically belong to group Solo. This significant difference was observed taking into account the genotypes under study, whose seeds were derived from crosses in which the female parent is from group Formosa (treatments 1, 3, 4 and 5), as well as self pollinations (treatments 7 and 9), which showed greater values for the weight of 1,000 seeds, unlike the others, with lower values and corresponding to Table 2 . List of treatments of the experiment: crosses and self-pollination involving four parent genotypes and controls of papaya.
Water content -determined using two subsamples of 2 g of seeds of each treatment by the standard oven-drying method (drying at 105 ± 3 °C for 24 h). The water content of the seeds was expressed on a wet basis (Brasil, 2009) .
b) Weight of 1,000 seeds: determined by randomly counting eight subsamples of 100 seeds, which were weighed on a Bioprecisa FA2104N precision balance (0.001 g), and the values of the weight of 1,000 seeds were expressed in g, with one decimal place, according to Brasil (2009) . c) Germination test: four replications of 50 seeds were used per treatment, spread along three sheets of Germitest® paper towel, moistened with distilled water at a ratio of 2.5 times the dry weight of the paper. The rolls of paper were placed into polyethylene bags to retain moisture and kept inside BOD incubators at a temperature ranging between 20 and 30 °C for a photoperiod of 16/8 hours. Germination was evaluated daily, and the seeds considered to be germinated were those with primary root protrusion measuring ≥ 2 mm. The germination percentage was obtained by an evaluation performed at 28 days after sowing, in accordance with the requirements of the Rules for Seed Analysis (Brasil, 2009 The comparison between the F1 hybrids and their reciprocals (Table 3 ) reveals a significant difference between T1 and T2 and between T5 and T6, showing that there was no effect of pollen on the weight of 1,000 seeds, since the averages did not differ significantly from those of the seed parents of treatments 1 and 5, confirming the absence of xenia effect for this attribute. There was no significant difference between T3 and T4, probably because their parents comprise the same group, Formosa. When selfed, cultivar 'SS72/12' also showed a significant difference compared with the reciprocal hybrid 'JS12' x 'SS72/12' (T2), which had lower average weight of 1,000 seeds when pollinated by 'JS12' , thus confirming the absence of xenia. In this case, formation of seeds derived from the self-pollination of 'SS72/12' was smaller, favoring the growth and consequently the larger size of such seeds. The lowest averages for weight of 1,000 seeds were observed in the genotype that had the 'Waimanalo' as the female parent and also in the genotypes containing hybrid seeds of Tainung 01 and the reciprocal seeds of hybrid 'JS12' x 'SS72/12'.
According to Manica (1996) , 'Tainung 01', F1 hybrid, synthesized at the Experimental Station of Fengshan, Taiwan, has the cultivar 'Sunrise Solo' as the pollen parent and a red pulp cultivar from Costa Rica as the seed parent. The weight of its fruits ranges from 900 to 1,100 g. However, it was observed (Table 3) that the hybrid seeds 'Tainung 01' acquired for this study had one of the smallest weight of 1,000 seeds. Taking into consideration that the hybrid 'Tainung 01' originates from group Formosa and, therefore, it has morpho-agronomic and physiological attributes peculiar to this group, it is suggested that the seeds being studied are from a cross in which the female parent was the cultivar 'Sunrise Solo'. As regards seed moisture, Table 3 also shows that homogeneity can be observed among all genotypes, whose levels of water content were considered ideal for studying the quality of papaya seeds.
According to Andrade and Pereira (2005) , heterosis, explored in hybrids in general, does not usually appear in F 1 seeds (sown by the producer), but rather in plants originating from these seeds. However, Martins et al. (2009) , evaluating the effect of pollen on the physical and physiological traits of papaya seeds, reported the absence of xenia for the physical attributes of these seeds, while for the physiological attributes, they highlighted the importance of carrying out controlled pollination for these traits, because of the early manifestation of heterosis.
The analysis of variance showed that there was a significant difference between the means of the genotypes for the seven traits indicative of physiological seed quality. Table  4 shows that F 1 hybrids, reciprocals and controls showed higher values for germination (T1, T2, T3, T4, T5, T6, T11 and T12) compared to the selfed parents. However, there was something in particular as regards hybrid 'JS12' x 'SS72/12' (T1), whose germination performance (GERF) was similar to that of line 'JS12'. This shows that this line has better physiological seed quality. A general analysis of the results summarized in Table 4 shows that the selfed line 'SS72/12' consisted of the genotype with lowest vigor and germination performance. Although the use of 'SS72/12' as pollen donor in the cross with 'JS12' has originated a hybrid with less vigor (for GERP and SG), it did not affect the physiological quality of the hybrid seeds, if the outcome of GERF, DW, EMERG, EMERGII is taken into account. In addition, high agronomic potential was observed of hybrids derived from crosses in which one of the parents was 'SS72/12'. In the first count (GERP), the hybrid, reciprocal and control seeds were generally more vigorous (T2, T3, T4, T5, T6, T11 and T12). However, there was a significant difference of hybrid 'JS12' x 'SS 72/12' (T1) compared to its reciprocal (T2) and the other hybrids, as the former had the lowest vigor (GERP 59%) of all hybrids evaluated.
There was a significant difference in speed of germination (SG) among the hybrids and their reciprocals, except for the cross of 'JS12' x Sekati, in which T3 and T4 did not differ. The lowest SG occurred in the genotypes of treatments 2, 5, 11 and 12, whose seeds germinated faster. The calculation of SG, based on the formula of Edmond and Drapalla (1958) , determines that the shorter the time for germination to occur, the lower the SG. The lines 'JS12' and 'Waimanalo' showed no significant difference in the hybrids from the cross 'JS12' x Sekati (regardless of the direction of cross) and the reciprocal of the cross 'JS12' x 'Waimanalo', resulting in satisfactory SG, second to the most vigorous ones (T2, T5, T11, T12). These results show the effect of pollen on the embryo and endosperm, which is reflected in the evaluation of the traits of vigor, except for seedling fresh weight (FW). 'JS12' Sekati and 'Waimanalo' can also be referred to as quality pollinators for this trait in the populations under study.
For the variable seedling fresh weight (FW), reciprocal effect was evidenced due to the significant difference observed among hybrids and their reciprocals in all crosses. The evaluation of FW is associated with the ability of the genotype to accumulate water in a given condition. The positive reciprocal effect (RE) at a particular cross shows the contribution of maternal inheritance in controlling the trait under study (Roveri-José et al., 2004) . This was evidenced when the line 'JS12' was selfed, with higher average FW (124.50 mg), favoring the superiority of F 1 hybrids over their reciprocals. This superiority can also be complemented with the observation of seed size, because the F 1 hybrids that had the female parent, a genotype of group Formosa, composed the group of large seeds (Table 3) , with a seed size similar to that of 'JS12' , a line from group Formosa. The size of the seeds is evidence of greater water absorption and translocation of reserves to them. As for FW, the choice of the parent (sometimes as female, sometimes as male) was essential to distinguish the F 1 hybrid from its reciprocal (Table 4) .
There was a significant difference for the variable seedling dry weight (DW) between the hybrid 'JS12' x 'SS 72/12' (6.50 mg) and its reciprocal (4.00 mg), but such difference was not evident among the other genotypes, except when compared to the hybrid 'Waimanalo' x 'JS12'. The relationship between seed size and dry weight was also observed, wherein the genotypes with the lowest DW values (3.75 to 4.50 mg) correspond to the group of small seeds. Costa et al. (2006) and Silva et al. (2010) observed greater vigor in larger fruit seeds.
Based on estimates of the correlation coefficients (Table 5) , it can be seen that the correlations between weight of 1,000 seeds (WTS) and other variables were generally low. However, significant and positive genetic correlation was observed between WTS and FW and between WTS and DW, showing the influence of the size of papaya seeds in seedling development. Furthermore, the genotypic correlation was higher than the phenotypic one in both correlations, which is favorable to the selection process, because the genetic effects outweigh the environmental ones in the phenotypic expression. This was also observed in studies with passion fruit and papaya (Oliveira et al., 2010) . According to Santos et al. (2009) , the endosperm of papaya seeds is rich in lipids and aleurone layers, while the cotyledons and embryo axis contain more starch granules and fewer lipids as compared to the endosperm. As the aleurone layer is constitutive of the endosperm, hence resulting from fertilization, the phenotypic expression of traits that appear in the endosperm may occur, as well as the xenia phenomenon, which can be considered as the effect of pollen on the embryo and endosperm (Andrade and Pereira, 2005) , altering their genetic traits and providing qualitative and quantitative changes.
Based also on the traits of physiological seed quality (Table 4) , there is the influence of pollen on the seeds, indicating the action of the xenia effect, whereby an heterotic increase can be explored. 82% of the seeds of selfed 'JS12' were germinated, and when 'JS12' was the female parent and Sekati or 'Waimanalo' were the pollen donors at a cross, the hybrid seeds from such crosses had improved germination performance (97.5% and 96% respectively), which was also observed for vigor, based on GERP.
However, in the same condition in which 'JS12' had 'SS72/12' as its pollen donor, the germination performance of the hybrid seed derived from this cross was similar to that of line 'JS12' (91.5% and 82% respectively) but vigor was lesser (GERP 59%). Because for the first count (vigor) in the latter case, the xenia effect was negative, as line 'JS12' (GERP 77.5%) was pollinated by line 'SS72/12', which showed less vigor considering the value of GERP (13.5%). According to Andrade and Pereira (2005) , the same effect in the F 1 hybrid may not be shown in the reciprocal cross, because the ratio between the maternal and paternal genomes in the triploid endosperm is different. Combined with the genetic effects found in the loci controlling this trait and also with a possible maternal effect, this can cause different xenia effects among reciprocals.
Accordiwng to Denney (1992) , the results of xenia can be interpreted as an early manifestation of heterosis. This manifestation was shown for the traits GERP, GERF and SG, since the means for F 1 seed germination were higher than the average of the parents and non-similar seeds. When the lines 'SS72/12' Sekati and 'Waimanalo' were pollinated by 'JS12', the F 1 generation seeds had a clear heterotic increase.
The most sensitive vigor tests to detect the expression of the reciprocal effect (ER) in the studied crosses were seedling SG and seedling FW. RE was observed at the cross 'JS12' x 'SS72/12' through the following vigor tests: GERP, SG, FW and DW. ER was expressed in the last three variables in hybrid 'JS12' x 'Waimanalo'. And in hybrid 'JS12' x Sekati, ER was expressed only on the vigor trait FW, where ER can be explained exclusively by the maternal effect.
As for seed production, producing hybrid combinations is feasible in both directions: F1 and its reciprocal. Physiologically, they are both viable. From the perspective of seed size, the determining factor is the female parent. If a 'Solo' parent is used as a female, the F1 seeds are small, which is typical of group 'Solo'; if the female parent is from group 'Formosa', the seeds are larger, which is typical of group 'Formosa'. Table 6 shows that the phenotypic variation results from the combined effect of the genotype (σ 2 g
) and the environment (σ 2 e ). One aspect of environmental variation is that it may occur due to environmental differences to which individuals are subjected. However, this study of physiological seed quality sought to control the maximum environmental changes, which was evidenced in the low values of σ are indicative of greater genetic variability, which will enable the identification of superior genotypes, because it is used to obtain other parameters, e.g., heritability (Cruz and Carneiro, 2003) . In this study, the heritability values are predominantly very high, close to that of the unit, and, thus, indicative that virtually all the differences among the means are attributed to genetic causes. ) variance; coefficient of genetic variation (CV g ); experimental coefficient of variation (CV e ), the relationship between the coefficient of genotypic and experimental variation (CV g /CV e ) and broad-sense heritability (h 2 ) for seven traits associated with seed quality of elite hybrids and self-pollination of papaya. The highest coefficient of genetic variation (CV g ) was observed for the trait GERP (40.15%), and the lowest one for DW (18.05%). This range of values , taking into account the other traits, is further evidence of significant genetic variability. It was also found that the experimental coefficient of variation (CV e ) showed satisfactory values for all the tests, indicating the precision in conducting the experiment. Nearly the whole of the CV g /CV e ratio was much larger than one, which corroborates the the indication of success in selection procedures for the variables considered here.
Conclusions
The xenia effect can be explored in the characteristics of germination and vigor.
The selfed line 'SS72/12' of papaya is the genotype with the lowest vigor and germination performance.
The most sensitive vigor tests to discriminate the expression of reciprocal effect in papaya crosses are speed of germination and seedling fresh weight.
Seed size can influence the development of papaya seedlings. From the standpoint of seed size, the female parent is the determining factor.
From the standpoint of physiology and seed production, producing hybrid combinations is feasible in both directions, F 1 and its reciprocal.
